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Bulk Density Effects on Soil Hydrologic and Thermal Characteristics: a
Numerical Investigation
Abstract
Soil bulk density (ρb) is commonly treated as static in studies of land surface dynamics. Magnitudes of errors
associated with this assumption are largely unknown. Our objectives were to: i) quantify ρb effects on soil
hydrologic and thermal properties, and ii) evaluate effects of ρb on surface energy balance and heat and water
transfer. We evaluated six soil properties, volumetric heat capacity, thermal conductivity, soil thermal
diffusivity, water retention characteristics, hydraulic conductivity, and vapor diffusivity, over a range of ρb,
using a combination of six models. Thermal conductivity, water retention, hydraulic conductivity, and vapor
diffusivity were most sensitive to ρb, each changing by fractions greater than the associated fractional changes
in ρb. A 10% change in ρb led to 10-11% change in thermal conductivity, 6-11% change in saturated and
residual water content, 49-54% change in saturated hydraulic conductivity, and 80% change in vapor
diffusivity. Subsequently, three field seasons were simulated with a numerical model (HYDRUS-1D) for a
range of ρb values. When ρb increased from 1.2 to 1.5 Mg m-3; 25% increase, soil temperature variation
decreased by 2.1°C in shallow layers and increased by 1°C in subsurface layers. Surface water content differed
by 0.02 m3 m-3 for various ρb values during drying events but differences mostly disappeared in the
subsurface. Matric potential varied by >100 m of water. Surface energy balance showed clear trends with ρb.
Latent heat flux decreased 6%, sensible heat flux increased 9%, and magnitude of ground heat flux varied by
18% with a 25% ρb increase). Transient ρb impacted surface conditions and fluxes, and clearly it warrants
consideration in field and modeling investigations.
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Abstract 
Soil bulk density (ρb) is commonly treated as static in studies of land surface 
dynamics. Magnitudes of errors associated with this assumption are largely unknown. Our 
objectives were to: i) quantify ρb effects on soil hydrologic and thermal properties, and ii) 
evaluate effects of ρb on surface energy balance and heat and water transfer. We evaluated six 
soil properties, volumetric heat capacity, thermal conductivity, soil thermal diffusivity, water 
retention characteristics, hydraulic conductivity, and vapor diffusivity, over a range of ρb, 
using a combination of six models. Thermal conductivity, water retention, hydraulic 
conductivity, and vapor diffusivity were most sensitive to ρb, each changing by fractions 
greater than the associated fractional changes in ρb. A 10% change in ρb led to 10-11% change 
in thermal conductivity, 6-11% change in saturated and residual water content, 49-54% 
change in saturated hydraulic conductivity, and 80% change in vapor diffusivity. 
Subsequently, three field seasons were simulated with a numerical model (HYDRUS-1D) for 
a range of ρb values. When ρb increased from 1.2 to 1.5 Mg m-3; 25% increase, soil 
temperature variation decreased by 2.1°C in shallow layers and increased by 1°C in 
subsurface layers. Surface water content differed by 0.02 m3 m-3 for various ρb values during 
drying events but differences mostly disappeared in the subsurface. Matric potential varied by 
>100 m of water. Surface energy balance showed clear trends with ρb. Latent heat flux 
decreased 6%, sensible heat flux increased 9%, and magnitude of ground heat flux varied by 
18% with a 25% ρb increase). Transient ρb impacted surface conditions and fluxes, and 
clearly it warrants consideration in field and modeling investigations. 
Keywords 
soil bulk density, soil thermal properties, soil hydraulic properties, coupled soil heat and 
water transfer, surface energy balance 
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1. Introduction
Surface soil is a complex, dynamic interface which dictates mass and energy transfer 
between land and atmosphere, and determines water flow and partitioning in the hydrological 
cycle. Its properties are considered dynamic because they are controlled in part by soil water 
content, which can change quickly with wetting events or slowly over sustained periods of 
drainage, plant uptake, and evaporative drying. Filling and emptying of water in soil pore 
space alters soil hydraulic and thermal properties. Because understanding soil-water 
controlled properties is critical for modeling and interpreting broader hydrologic and 
environmental processes, tremendous effort has been expended to develop soil water sensor 
technologies and monitoring networks (Robinson et al., 2008; Ochsner et al., 2013). This 
work has led to new understanding of soil property dynamics and potential for even greater 
understanding as these measurements are coupled with remote sensing to extend 
measurement footprints (Albergel et al., 2012). Yet, in all of these efforts there remain 
fundamental questions that have not been addressed. An elementary and ubiquitous 
assumption in hydrologic studies considering dynamic soil surface properties is that soil bulk 
density is static. We know, in fact, that this is not the case. Consequences associated with this 
assumption are largely unknown, but are likely critical (cf. Arya & Paris, 1981; Moldrup et al., 
2000; Ochsner, Horton, & Ren, 2001). Large areas of the land surface undergo significant 
changes in surface soil bulk density through annual cycles of disturbance associated with 
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agriculture (Strudley, Green, & Ascough II, 2008; Logsdon, 2012; Liu, Lu, Horton, & Ren, 
2014). Freeze-thaw processes alter surface bulk density and arrangement seasonally (Staricka 
& Benoit, 1995). Shrink-swell processes, erosion, and deposition alter surface soil bulk 
density and arrangement episodically (Timm et al., 2006). Unfortunately, due to historical, 
practical limitations in our ability to continuously quantify soil density-derived effects, this 
limitation remains mostly unaddressed as a dynamic factor in land surface characterization, 
and the magnitudes of any associated errors are unknown to scientists and engineers working 
on a multitude of related investigations. 
The general objective of this work is to examine the impact of transient soil bulk 
density on land surface characteristics and characterization. The specific objectives for this 
numerical study were (i) to quantify effects of soil bulk density variation on fundamental soil 
properties, and (ii) to evaluate impact of changing soil bulk density and associated properties 
on surface energy balance and coupled heat and water transfer in soils. We first modeled a 
series of germane soil properties: volumetric heat capacity, thermal conductivity, soil thermal 
diffusivity, water retention characteristics, hydraulic conductivity, and vapor diffusivity using 
soil property models from the literature that included the capacity to incorporate bulk density 
effects. We then used a subset of these properties in a numerical model as a case study to 
examine variations in surface energy balance terms, soil water content, and soil temperature 
associated with bulk density variations. 
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2. Materials and Methods
2.1 Impacts on fundamental soil properties 
This analysis is based on the ranges of bulk density (ρb) observed in several previous 
field studies. Berndt and Coughlam (1976) investigated ρb variation associated with 
shrink-swell of a clay soil and reported values ranging from 1.04 to 1.37 Mg m-3 (32% 
variation) with wetting-drying cycles. Kay, Grant, and Groenevelt (1985) showed, for a clay 
loam soil, that ρb variation associated with freeze-thaw cycles was from 1.18 to 1.28 Mg m-3 
(8% variation). Logsdon (2012) observed ρb variation, through periodic sampling over 5 
years in a clay loam, of 1.13 to 1.43 Mg m-3 (27% variation). Liu et al. (2014) observed ρb 
variations due to settling after tillage, and reported values for silt loam changing from 0.98 to 
1.37 Mg m-3 (40% change) and values for sandy loam changing from 1.06 to 1.48 Mg m-3 
(40% change). 
Three soils were selected for this analysis (Table 1): silt loam and sandy loam with 
data from Liu et al. (2014), and clay loam from Logsdon (2012) using properties of a Webster 
soil series (fine-loamy, mixed, superactive, mesic Typic Endoaquolls) consistent with soil 
conditions where measurements were obtained. Bulk densities ranged from 1.0 to 1.5 Mg m-3 
for the soils, therefore, we used this observed bulk density range to test several bulk density 
dependent properties using functional models available from the literature. Six soil properties, 
i.e., soil volumetric heat capacity, thermal conductivity, thermal diffusivity, water retention,
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hydraulic conductivity, and vapor diffusivity were tested, and a total of six models were used 
for the tests. The models implemented in HYDRUS-1D (Šimůnek, Šejna, Saito, Sakai, & van 
Genuchten, 2009), a widely-used and publicly-available simulation software package for 
coupled soil water, heat, and solute transfer, were preferentially chosen to support subsequent 
simulations made with HYDRUS-1D. 
2.1.1 Soil thermal properties 
Soil thermal properties are fundamental for understanding heat transfer in soil and 
soil temperature dynamics. Thermal conductivity is used to determine soil heat flux, and 
volumetric heat capacity controls temperature change magnitude. The effect of bulk density 
ρb (Mg m-3) on soil volumetric heat capacity C (J m-3 °C-1) was evaluated with the de Vries 
(1963) model, 
θρ Lbsolid CcC 
[1] 
where csolid is specific heat of soil solids (J Mg-1 °C-1), CL is volumetric heat capacity of liquid 
water (4.18×106 J m-3 °C-1), and θ is volumetric water content (m3 m-3). The values for csolid 
were calculated based on particle size distribution and soil organic matter content (SOM) as 
described in de Vries (1963). The C values were calculated for θ = 0 to 0.40 m3 m-3. This 
model assumes that C can be expressed as a sum of volume fraction multiplying volumetric 
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heat of each soil constituent. The influence of soil air on C is assumed to be negligible. 
Effect of ρb on soil thermal conductivity λ (W m-1 °C-1) was evaluated with the 
Campbell (1985) model, 
 4)θ(exp)(θλ FEABA  [2] 
where A, B, E, and F are shape factors associated with soil properties. Empirical parameters 
can be calculated as 
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
 mF [6] 
where xq is volume fraction of quartz, xm is volume fraction of other minerals, xsolid is volume 
fraction of soil solids, and mclay is clay fraction. In this study we assumed that xq is equal to 
the volume fraction of sand, and xm is equal to the volume fraction of silt plus clay. Thermal 
diffusivity κ (m2 s-1), which is the ratio of  to C, was calculated as a function of ρb and θ 
based on Eqs. [1] and [2]. 
2.1.2 Soil hydraulic properties 
Soil hydraulic properties include the soil water retention curve and the hydraulic 
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conductivity function. The soil water retention curve (WRC) represents the relationship 
between θ and soil water matric potential, ψ. Therefore, it is an important indicator of soil 
water equilibrium for exchange and storage, and it is used when estimating soil water 
dynamics. The hydraulic conductivity function is closely connected to soil water transfer. 
The effect of ρb variation on the WRC was tested with the Brooks and Corey (1964) 
model based on an approach suggested by Assouline (2006a). Brooks and Corey (1964) 
expressed the WRC as 
ae
a
η
ae
ψψ   1
ψψ  )ψψ(

 
S
/S
[7] 
where Se is degree of saturation; Se = (θ-θr)/(θs-θr), θs and θr are often referred to as saturated 
and residual water contents (m3 m-3), respectively, ψa is air entry potential (m of water), and η 
is a pore-size distribution index. Assouline (2006a) presented an approach to adapt the model 
for ρb dependence, i.e., modifying the values of empirical parameters ψa and η for a variety of 
ρb values for a given soil. Steps for the Brooks and Corey (1964) model evaluation are shown 
in Table 2. For the evaluation, a reference WRC at a reference ρb is required. We used 1.3 Mg 
m-3 as reference ρb and a reference WRC is represented by the van Genuchten (1980) model 
using parameters derived from ROSETTA, a hierarchical pedotransfer function (Schaap, Leij, 
& van Genuchten, 2001). The van Genuchten (1980) model is 
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 [8] 
where α, and n are empirical parameters. ROSETTA estimated the parameters, θs, θr, α, and n 
from percentages of sand, silt, and clay (shown in Table 1), and a reference ρb value. The 
reference WRC was calculated with the estimated parameters. There is a possibility for 
ROSETTA to provide poor estimates of the parameters because it depends on the data from 
which the pedotransfer function is derived rather than specific physical relationships, and 
some poor quality data may be included in the database. Nonetheless, ROSETTA offers 
several advantages. It produces hydraulic parameter estimates from easily obtained data. It 
has also been calibrated, validated, and widely applied with multinational soil data including 
a wide range of soil types (Patil & Sing, 2017). In the present study ROSETTA is used only 
to provide the reference condition; it is not used to examine the effect of ρb variation on 
hydraulic properties. The reference ρb, 1.3 Mg m-3 is a middle value of our assumed ρb range 
(1.0 - 1.5 Mg m-3) based on prior field observations (Liu et al., 2014; Logsdon, 2012). We 
chose an intermediate ρb value for the selected soils when establishing the reference soil 
parameters in an effort to avoid biasing the reference toward extreme conditions. 
After calculating the reference WRC, an equation for expressing the WRC suggested 
by Assouline (2006a) was fitted to the reference WRC; 
  





 
 μ 1
L
1
e ψψβexp1S [9] 
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where β and μ are fitting parameters; and ψL is matric potential corresponding to a very small 
water content, θL, which represents the domain limit of this water retention curve. ψL was set 
at −1,000 m of water in this study, and for convenience θL was set equal to θr. By fitting Eq. 
[9] to the reference WRC, parameters β and μ were determined. Those parameters were 
necessary to adapt the Brooks and Corey (1964) model to a variety of ρb. With known β and μ, 
η in the Brooks and Corey (1964) model, Eq. [7] was calculated using 
837.0ε81.0η 
[10] 
   2/12μ/2μ
L
μ/1μ
)μ/11()μ/21()(β
ψ/1)μ/11()(β
ε





[11] 
From the η calculated with Eq. [10], ψa in the Brooks and Corey (1964) model was 
determined by fitting Eq. [8] to the reference WRC. The three empirical parameters μ, η, and 
ψa for ρb at 1.3 Mg m-3 are utilized to calculate the parameter values for a variety of ρb values. 
The determination of ψa in Eq. [7] for a new WRC at a different ρb value, is described as 
  82.3bbcaac ρ/ρψψ  [12] 
where ψac is the new air entry pressure for the new bulk density ρbc. The modified η, i.e., ηc, 
is calculated by Eqs. [10-11] with modified β and μ. The modified parameters βc and μc are 
described as 
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  72.3bbcc ρ/ρββ  [13] 
 ωbbcc ρ/ρμμ  [14] 
and ω is determined as 
  5.0claysilt /9.13.2ω

 mm [15] 
where msilt is mass fraction of silt. The values for θs and θr also change with ρb. Assouline 
(2006a) presented these relationships as 
    bsbcsssc ρρ/ρρθθ  [16] 
)ρ/ρ(θθ bbcrrc  [17] 
where θsc are θrc are saturated and residual water content associated with ρbc, and ρs is soil 
solid density (≈2.65 Mg m-3). With the updated parameters, ψac, ηc, θsc, θrc, WRCs were 
calculated with the Brooks and Corey (1964) model for ρb values ranging from 1.0 to 1.5 Mg 
m-3. This model is empirically developed based on experimental data. The data include 
WRCs for multiple ρb but with the same soil particle size distribution. Thus, it is expected 
that this model can reasonably express the WRC with variations in ρb. In addition, θr and θs 
with varying ρb are estimated theoretically in this model. 
Assouline (2006b) presented a model to describe Ks (m d-1) with ρb variation; Ks as a 
function of ρb, referred to as Ksc, is 
This article is protected by copyright. All rights reserved. 
 
 
2
c
c
2
ac
a
5.2
rs
rcsc
ssc
η1η
η1η
ψ
ψ
θθ
θθ






















 KK
[18] 
where Ks is saturated hydraulic conductivity at reference ρb, i.e., 1.3 Mg m-3, and Ksc is the 
related parameter value at the new ρb. Ks is a reference value at 1.3 Mg m-3 ρb for the Ksc 
estimation was also derived from ROSETTA. Unsaturated hydraulic conductivities K(Se) for 
a variety of ρb were estimated with the Mualem (1976) and Brooks and Corey (1964) model 
  η/)λ5.22(es

 SKSK e [19] 
The WRCs required to use Eq. [19] were based on the Assouline (2006a) approach (Eq. 
[7-17]), which considers the effect of ρb variation on both Ks and water retention. 
2.1.3 Vapor diffusivity 
Vapor diffusivity is important for vapor transport in soils. In particular, the vapor 
diffusivity of a shallow subsurface soil layer can have a critical impact on soil water 
evaporation rates. Vapor diffusivity D (m2 s-1) in soil can be described as (Saito, Šimůnek, & 
Mohanty, 2006) 
airair DxD  [20] 
where τ is a tortuosity factor, xair is air filled porosity (m3 m-3), and Dair is water vapor 
diffusivity in air. The tortuosity factor can be described as (Millington & Quirk, 1961) 
This article is protected by copyright. All rights reserved. 
2
s
3/7
air
θ
x
 [21] 
The θs, equivalent to porosity, and xair are functions of ρb. The θs was determined by 1-(ρb/ρs) 
where ρs was again assumed to be 2.65 Mg m-3. The value for xair was determined by 
subtracting θ from porosity. Dair is a function of temperature, and the relationship between 
Dair and temperature is known. The Dair value at 25°C (2.5×10-5 m2 s-1) was used in this study. 
Vapor diffusivity of field soil depends on soil type and structure (Schjønning et al., 1999), 
however, this model only considers porosity and does not consider soil structural changes. 
2.2 Effect on surface energy balance and coupled heat and water transfer in soils 
Analyses were performed with the HYDRUS-1D software package (Šimůnek et al., 
2009) to evaluate impacts of ρb variations on surface energy balance, and soil heat and water 
transfer. The software does not allow transient ρb in a single simulation, therefore, we first 
evaluated the impact of ρb variations by performing multiple simulations for a range of ρb 
values and compared the results. After that, we made a simulation with step changes in ρb to 
approximate transient ρb effects on the soil heat and water transfer and surface energy balance. 
The transient ρb simulation was envisaged as a consolidation process after tillage, and the 
step changes of ρb were assumed to occur following immediately after precipitation events, 
which we think is reasonable since rainfall is a factor in consolidation after tillage (e.g., 
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Alletto & Coquet, 2009; Osunbitan, Oyedele, & Adekalu, 2005). 
Four soil profiles were used in the simulations, each representing a specific soil 
condition for the clay loam texture (Table 1). Each soil profile has two layers (Fig. 1), one 
represents a surface soil layer (0-0.21 m) which has variable ρb across simulations, i.e., ρb = 
1.2 (strongly disturbed), 1.3 (weakly disturbed), 1.4 (control) or 1.5 (compacted) Mg m-3, and 
the other is a subsurface soil layer (0.21-3.0 m depth) with constant ρb = 1.4 Mg m-3 in all 
simulations. Note that the control soil profile has uniform ρb. The ρb range is based on 
observations of Logsdon (2012). Node spacing was 0.0125 m in the 0.0-0.6 m layer, and the 
node spacing was gradually increased to a maximum of 0.10 m in the 0.6-3.0 m layer. 
Hydraulic properties were expressed with the Brooks and Corey (1964) model, and 
parameters were obtained with the Assouline (2006a) approach described above. Thermal 
properties were calculated with the de Vries (1963) model (Eq. [1]) and the Campbell (1985) 
model (Eq. [2]). 
Weather data for 2012, 2013, and 2014 obtained at an experimental field near Ames, 
IA, USA were used to determine surface boundary conditions. Calculations were made with 
data for the May-October period in each year. These three years had differing amounts of 
precipitation during May-October. Cumulative precipitation in May-October was 337, 524, 
and 801 mm in 2012, 2013, and 2014, respectively, i.e., 2012 was dry, 2013 was intermediate, 
and 2014 was wet. Total solar radiation during May-October was 3781, 3422, and 3216 MJ 
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m-2 in 2012, 2013, and 2014, respectively. There was negative correlation between 
precipitation and solar radiation. 
Surface boundary conditions were determined by calculating surface energy balance 
components and by the observed precipitation. The calculation method is described in 
Šimůnek et al., (2009). The bottom boundary conditions were free drainage for water flow 
and zero gradient for heat transfer. The initial condition for θ was 0.25 m3 m-3 for all depths, 
and the initial condition for temperature was 20ºC at all depths. 
The simulation with step changes of ρb was performed with weather data from July 
11 to August 5, 2014, because it included several rainfall events. The most substantial 
changes in ρb after tillage can occur within a rainy month period (Liu et al., 2014; Tian et al., 
2018). The initial ρb was 1.2 Mg m−3, assumed right after tilling, and ρb increased by step 
changes of 0.1 Mg m−3 three times in a period when there were precipitation events larger 
than 3 mm d−1. 
The HYDRUS-1D model uses the Campbell (1985) model for λ and the vapor 
diffusivity model described by Eq. [22], and we input Brooks and Corey (1964) and Mualem 
(1976) hydraulic parameters derived following Assouline (2006a)’s approach such that the 
HYDRUS-1D simulation includes the assumptions for the models as described above. A 
number of other empirical equations are included in HYDRUS-1D. These are not universal 
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for all conditions such as climate and soil type so that they can be a source of minor error. We 
assume these to be insignificant for evaluating the effect of ρb variation on mass and heat 
transfer in soils and surface energy balance. Another model assumption is that daily air 
temperature follows a sine curve. The surface boundary conditions are determined by the 
surface energy balance and precipitation rate, and the air temperature is necessary to calculate 
the surface energy balance. In HYDRUS-1D, the daily variation of the air temperature, solar 
radiation, relative humidity, and wind speed are approximated by sine curves based on 
maximum and minimum air temperature (Saito et al., 2006). 
3. Results and Discussion
3.1 Effects of bulk density on fundamental soil properties 
3.1.1 Thermal properties 
We modeled three soils with different textures over a range of θ and ρb to examine 
the effect of ρb on soil thermal properties C, λ, and κ. As would be expected from the form of 
the de Vries (1963) C model, an increase in ρb resulted in an increase in C, and the rate of 
increase was constant over the range of θ (Fig. 2). Hereafter, we treat our minimum ρb (1.0 
Mg m-3) as a standard for evaluation. In addition, θ = 0.25 m3 m-3 was used as a standard θ. A 
0.1 Mg m-3 increase in ρb results in a 77-84 kJ m-3 °C -1 increase in C across the three soils. 
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Considered as a relative change, a 10% increase in ρb resulted in a 4% increase in C for all 
soils. The C values for the largest ρb were 122, 121, and 121% of the values for the smallest 
ρb for clay loam, silt loam, and sandy loam, respectively. an increase in C reduces variation in 
soil temperature. Thus, considered in another way, for the same heat input, the temperature 
change at the largest ρb would be only 78, 79, and 79% of that at the smallest ρb for clay 
loam, silt loam, and sandy loam, respectively. 
Soil thermal conductivity λ as a function of ρb and θ based on the Campbell (1985) 
model is shown in Fig. 3. Values of λ increase with increases in either ρb or θ. Values of λ 
were largest for sandy loam, and smallest for clay loam (sandy loam > silt loam > clay loam) 
at θ = 0.10 m3 m-3. However, λ for clay loam became larger than that for silt loam as θ 
increased. For θ = 0.25 m3 m-3, a 10% (0.1 Mg m-3) increase in ρb caused 11% (0.09 W m-1 °C 
-1), 11% (0.09 W m-1 °C -1), and 12% (0.12 W m-1 °C -1) increases in λ for clay loam, silt loam, 
and sandy loam, respectively. The λ values for the largest ρb were 169, 169, and 174% of the 
values for the smallest ρb of clay loam, silt loam, and sandy loam, respectively. 
Figure 4 shows κ as a function of ρb and θ. The effect of ρb is small when θ < 0.15 
m3 m-3 for clay loam and silt loam, but generally an increase in ρb resulted in an increase in κ. 
For θ = 0.25 m3 m-3, a 10% (0.1 Mg m-3) increase in ρb caused 6% (2.7×10-8 m2 s-1), 6% 
(2.8×10-8 m2 s-1), and 7% (4.0×10-8 m2 s-1) increases in κ for clay loam, silt loam, and sandy 
loam, respectively. The κ values for the largest ρb were 138, 139, and 144% of values 
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observed for the smallest ρb of clay loam, silt loam, and sandy loam, respectively. 
Soil thermal conductivity λ was the most sensitive thermal property, and its change 
was greater than associated changes in ρb , i.e., a 10% change in ρb led to >10% changes in λ. 
For an illustrative example of the associated effect on heat transfer, we use field data from 
Zhang et al. (2012). They reported that soil temperature at the 1 mm depth could be 13 °C 
larger than that at the 51 mm depth. With this temperature difference (i.e., 260 C m-1 
temperature gradient), the ground heat fluxes at θ = 0.25 m3 m-3 in clay loam soil with the 
smallest ρb and the largest ρb are 218 and 371 W m-2, respectively. Thus, there could be more 
than a 150 W m-2 difference in ground heat flux associated with these ρb values. Zhang et al. 
(2012) reported daily maximum ground heat fluxes between 300-500 W m-2 in. Thus, 150 W 
m-2 represents a substantial portion of the soil heat flux. 
Increases in κ caused increases in the magnitude of daily/annual soil temperature 
variation and the depth at which that temperature variation was observed, i.e., damping depth. 
The κ at θ = 0.25 m3 m-3 in clay loam soil with minimum and maximum ρb were 4.5×10-7 and 
6.2×10-7 m2 s-1, respectively, with a difference of 1.7×10-7 m2 s-1. Variation of κ in the clay 
loam over the entire range of θ for dry and wet conditions was less than 3.6×10-7 m2 s-1. 
Changes in κ over the range of ρb that might be expected under field conditions was as much 
as almost half of the variation due to θ, and therefore, ρb variation likely had an important 
impact on κ dynamics. 
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3.1.2 Hydraulic properties 
Table 3 shows a subset of the parameters required for Eqs. [12]-[14] at different ρb 
values following the Assouline (2006a) approach. Estimates of θs and θr were plausible by 
this approach in that θs decreased and θr increased as ρb increased. The estimated θr values 
increased 10% (0.007 m3 m-3), 11% (0.006 m3 m-3), and 11% (0.004 m3 m-3) with a 10% (0.1 
Mg m-3) increase in ρb for clay loam, silt loam, and sandy loam, respectively. Estimated θs 
values decreased with ρb increases, i.e., a 10% (0.1 Mg m-3) increase in ρb caused 6% (0.034 
m3 m-3), 6% (0.033 m3 m-3), and 6% (0.029 m3 m-3) decreases for clay loam, silt loam, and 
sandy loam, respectively. As a result of the decrease in θs and increase in θr with increasing ρb, 
the water retention curves for different ρb values produced from the Assouline (2006a) 
approach crossed one another (Fig. 5). Because of this,  sometimes increased and sometimes 
decreased with ρb increases at the same ψ, depending on ψ and soil type. The value for  
decreased with increases in ρb when soil was near saturation due to increase in porosity, and  
increased with increases in ρb when soil was rather dry due to increases in solid surface area 
per volume. The air entry pressure ψa increased 42, 42, and 45 with a 10% (0.1 Mg m-3) 
increase in ρb for clay loam, silt loam, and sandy loam, respectively. 
In general, results of the water retention curve evaluation indicated that  was larger 
at a given ψ when ρb was larger if conditions are drier than saturation. As an illustration of 
associated effects, consider a clay loam soil at conditions near field capacity (e.g., −3.3 m of 
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water). The values for  at the minimum and maximum ρb were 0.25 m3 m-3 and 0.29 m3 m-3, 
respectively. This difference was equivalent to the input from an 8 mm rainfall on a 20-cm 
thick layer of soil. This demonstrates the importance of ρb for the soil water retention curve 
and the potential impact on calculated water budgets. 
Values of Ks for different ρb estimated with the Assouline (2006b) approach are 
provided in Tables 3. Figure 6 shows K estimated with Eqs. [18]-[19] as a function of ρb and 
ψ. The impact of ρb variation on Ks was significant, i.e., a 10% (0.1 Mg m-3) increase in ρb 
caused 56% (1.08 m d-1), 54% (1.36 m d-1), and 49% (2.10 m d-1) decreases in Ks for clay 
loam, silt loam, and sandy loam, respectively, so the impact was largest in finer-textured soils. 
The value of K in relatively wet conditions (such as ψ > −5 m of water) increased with 
increasing ρb because the water retention curves determined with the Assouline (2006a) 
approach crossed one another, i.e., the amount of water in compacted soils was larger than 
that in loose soils. For example, a 10% increase in ρb at −2 m of water caused 16% (1.0×10-5 
m d-1), 22% (4.3×10-4 m d-1), and 9% (7.9×10-4 m d-1) increases in K for clay loam, silt loam, 
and sandy loam, respectively. Values of K also decreased with increasing ρb when soil was 
drier than approximately -10 m of water, despite the increase in θr discussed earlier, because 
the Mualem model treats water held at θr as immobile. For example, a 10% increase in ρb at 
−20 m of water caused 5% (2.8×10-7 m d-1), 11% (2.8×10-6 m d-1), and 23% (3.1×10-6 m d-1) 
decreases in K for clay loam, silt loam, and sandy loam, respectively. While this approach 
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treated residual water as being immobile, small amounts of liquid water transfer could occur 
even when soil is quite dry (Sakai & Toride, 2007). Therefore, it was expected that dry range 
K increased as ρb increased due to increased water content (i.e., water retention). Overall, 
effects of ρb on K were complicated when considering unsaturated water dynamics -- K 
sometimes increased and sometimes decreased depending on the ψ range as ρb increased. 
Differences in Ks are often used to interpret expected infiltration during rainfall. The 
Ks of clay loam at maximum and minimum ρb were 1.92 cm d-1 and 0.03 m d-1, respectively; 
thus, ρb variation had two orders of magnitude effect. Other soil water retention curve 
parameters and saturated/unsaturated hydraulic conductivities had >10% change with a 
corresponding 10% change in ρb. These results suggest that considering ρb variations is 
critical in hydrologic process simulations. 
3.1.3 Vapor diffusivity 
Since θa and θs are presented as simple functions of ρb and θ, no influence of soil 
type (i.e., texture) on D is considered. Values of D decrease with increasing ρb because of the 
associated decrease in θa (Fig. 7). When θ is 0.25 m3 m-3, a 10% (0.1 Mg m-3) increase in ρb 
caused a 20% decrease in D. The D values for maximum ρb values were 20% of the values 
for the minimum ρb value, i.e., 80% decrease. This indicated that increases in ρb could 
dramatically reduce vapor transfer in soil. Given that, large ρb soil layers could dynamically 
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reduce surface and subsurface evaporation when liquid water transport was limited. 
3.2 Impact on heat and water transfer and surface energy balance 
In addition to evaluating the effect of ρb variations on soil properties, the importance 
of ρb variations on hydrological processes was also considered. When various soil properties 
change due to ρb changes, the change in soil heat and mass transfer and surface energy 
balance are complicated due to overlapping and interacting effects of individual soil 
properties. To evaluate the effect of ρb variation on heat and mass transfer dynamics, 
simulations were performed with HYDRUS-1D using actual weather data to describe surface 
boundary conditions. 
3.2.1 Soil heat and water dynamics 
The impacts of ρb variations on soil heat transfer were evaluated according to 
changes in soil temperature. Figure 8(a) shows soil temperatures at the 1.25 cm depth on Jun. 
28, 2014 for simulations with different ρb values. Soil temperature at the 1.25 cm soil depth 
generally showed greatest daily variation with small ρb; simulations with ρb = 1.2 Mg m-3 had 
both the largest and smallest temperatures, compared to ρb = 1.5 Mg m-3 (a difference of 2.1 
C in range). The temperature difference was often larger than 1C, and the largest difference 
between soil temperatures with ρb = 1.2 Mg m-3 and ρb = 1.5 Mg m-3 during the whole 
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simulation period was 1.7 °C. This is because the surface layer with small ρb had small C, and 
the temperature change with small C was relatively large. Surface ρb also influenced observed 
temperatures at 30 cm soil depth, where ρb below the surface layer was the same for each 
simulated profile (Fig. 8(b)). In this case, however, the trend was opposite of that observed at 
the surface. At the 30 cm depth, daily temperature variation increased with large surface ρb. 
In this case, the surface layer with small ρb, and thus small λ, acted as insulation, muting 
temperature variation in the subsurface. The largest difference between soil temperatures at 
the 30 cm depth with surface layer ρb = 1.2 Mg m-3 and ρb = 1.5 Mg m-3 during the whole 
simulation period was 0.9 °C, which was significant given the soil depth. On a seasonal basis, 
large surface ρb results in earlier warming in the summer and earlier cooling in the fall at a 
depth of 30 cm because of the insulation effect (Fig. 9). The heat transfer and temperature 
change showed different trends at shallow and deep soil layers. This considerable change, 
which should be dynamic under field conditions, cannot be readily evaluated with current 
static ρb simulation models. There was not a clear trend for ρb variation effects on T by year 
across wet and dry years. 
The impact of ρb variations on water dynamics was evaluated from changes in both θ 
and ψ. The value for θ at the 1.25 cm depth was generally smaller at small ρb than at large ρb 
(Fig. 10). These results are likely a combination of both more rapid drainage during rainfall 
events, and lower water retention. During a typical drying event, simulated θ at the smallest 
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ρb was about 0.02 m3 m-3 lower than that at the largest ρb. The average and maximum 
differences between θ with ρb = 1.2 Mg m-3 and ρb = 1.5 Mg m-3 at the 1.25 cm depth during 
the whole simulation period (2012, 2013, 2014) were 0.015 m3 m-3 and 0.028 m3 m-3. It was 
sometimes observed that θ with small ρb became larger than that with large ρb just after 
intense precipitation. This was due to the greater porosity of the soil with small ρb when soils 
became saturated or approached saturation. At a depth of 30 cm, differences between profiles 
with different surface ρb were relatively small (not shown). The value for θ with large ρb was 
slightly greater than that with small ρb. The average and maximum differences in θ at the 30 
cm depth between profiles with surface ρb = 1.2 Mg m-3 and ρb = 1.5 Mg m-3 during the 
whole simulation period were 0.002 and 0.018 m3 m-3. While the average difference was quite 
small at this depth where ρb was held constant, the maximum difference was not small, and it 
was similar to that simulated at the 1.25 cm depth. The impact of ρb variation on  tended to 
be the most significant in the driest year (2012). 
The value for ψ for large ρb was generally greater than that for small ρb (Fig. 11). As 
with , this indicated drier conditions in the small ρb soil, but we also noted that, as shown in 
the functional model analysis (Section 3.1.2), the relationship between  and ψ, i.e., water 
retention curves also changed with variation in ρb. Differences in ψ were small just after 
precipitation, i.e., when soil was wet, but their magnitude increased during the drying process. 
The differences between ψ with ρb = 1.2 Mg m-3 and ρb = 1.5 Mg m-3 at the 1.25 cm depth 
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were quite large when soil was dry, e.g., it was at times larger than 100 m of water, while the 
average difference during the whole simulation period (2012, 2013, 2014) was 20 m of water. 
Trends between large and small ρb were similar at the 30 cm depth (not shown), but 
differences were relatively small compared to the surface layers, i.e., the maximum difference 
was 1.5 m of water and the average difference was 0.24 m of water. As with , the impact of 
ρb variation on ψ tended to be the most significant in the driest year (2012). 
Results indicated that surface ρb variation influenced heat and water transfer in the 
surface soil layer and also in the subsurface layer (where ρb remained constant). In particular, 
the amplitude of soil temperature variation, and near surface θ and ψ were affected by ρb 
variations. 
3.2.2 Surface energy balance 
The influence of ρb variations on surface energy balance differed by component, 
period, and year. Cumulative values of the energy balance components during the simulation 
period (May 1-October 31) are shown in Table 4. Radiation terms had a clear trend associated 
with ρb variation. Net shortwave radiation, Rns (solar radiation adsorbed at the soil surface) 
increased as ρb increased. In HYDRUS-1D, albedo, the surface reflection coefficient for solar 
radiation, is a function of surface θ, which increases as θ decreases (Saito et al., 2006). 
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Albedo decreased and Rns increased since surface  increased as ρb increased (Fig. 10). The 
net longwave radiation Rnl decreased as ρb increased. Since radiation was positive when 
directed downward, a decrease in Rnl (i.e., more negative value) indicated an increase in Rnl 
directed from the soil surface to the atmosphere. The main reason for this increase was 
because of surface emissivity. Like albedo, HYDRUS-1D models surface emissivity as a 
function of surface θ, and emissivity increases with increasing θ. The larger surface θ in large 
ρb soil increased emissivity. Since the magnitudes of Rns and Rnl both increased, Rn which was 
a sum of Rns and Rnl showed both increases and decreases. The decreases in Rn with ρb 
increases were found in 2012 and 2013 when ρb changed from 1.4 Mg m−3 to 1.5 Mg m−3. 
Latent heat flux (LE) and sensible heat flux (H) also had clear trends associated with 
ρb variation. LE decreased as ρb increased. The cumulative value of LE at ρb = 1.5 Mg m-3 
were 94, 96, and 98% of those at ρb = 1.2 Mg m-3 in 2012, 2013, and 2014, respectively. The 
difference between the cumulative value of LE at ρb = 1.2 and 1.5 Mg m-3 were 46, 42, and 
28 MJ m−3 in 2012, 2013, and 2014. These numbers are equivalent to evaporation of 20, 19, 
and 12 mm of water. A possible reason for the decrease in LE may be due to differences in 
vapor diffusivity, as well as changes in the water retention parameters discussed previously. 
In contrast, H increased as ρb increased. The cumulative values of H at ρb = 1.5 Mg 
m-3 were 106, 109, and 109% of those at ρb = 1.2 Mg m-3 in 2012, 2013, and 2014, 
respectively. Available energy at the soil surface, i.e., difference between Rn and ground heat 
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flux (G), was partitioned into LE and H (Saito et al., 2006). Increased H was reasonable 
because LE decreased as ρb increased. In general, H is a function of difference between soil 
surface temperature and air temperature, and increases in soil surface temperature result in 
increased H. The magnitude of surface soil temperature variation decreased by increasing ρb, 
i.e., the compacted soil surface temperature was smaller than that of small ρb soil during
daytime and larger during night time (Fig. 8(a)). In addition, it was observed that the impact 
of ρb variation on soil surface temperature during daytime was smaller than that during night 
time. Thus, increased H might be a result of larger soil surface temperature during night time. 
There was no clear trend in cumulative G. It sometimes increased and sometimes 
decreased with ρb changes. The variation of G at different ρb was at most 8, 2, and 2 MJ m-3 
in 2012, 2013, and 2014, respectively. These values were 30, 14, 28% of the value with ρb = 
1.2 Mg m-3. Because it was difficult to find a simple trend in G from the cumulative values, 
the averages of daily maximum and minimum values for G were evaluated (Table 5). G 
showed at most a 1.0 MJ d-1 or 13% increase of its maximum value and at most a 2.4 MJ d-1 
or 23% decrease of its minimum value as ρb increased. These results indicated that the heat 
flux was enhanced by increases in λ associated with greater soil density, i.e., heat flux into the 
ground around noon and heat flux back to the surface late at night were enhanced. Thus, there 
was a possibility that the enhancements of ground heat flux during day and night offset each 
other. 
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Some simple interpretation of ρb variation impacts on Rn, LE, H, and G were 
discussed based on the cumulative values and averaged daily maximum and minimum values. 
However, the influence of ρb variation on energy balance was quite complicated because 
changes in ρb caused a number of soil properties and also hydraulic and thermal gradients to 
change as shown in sections 3.1 and 3.2.1. For example, increases in λ enabled heat transfer 
to be more dynamic, but increases in C, which also occur as density increased, reduced 
temperature variation so that thermal gradients became smaller. G was associated with both λ 
and thermal gradients. The vapor diffusivity was reduced by compaction, but the liquid water 
supply from a subsurface soil layer towards the surface was dependent on K and hydraulic 
gradients. It was shown in section 3.1.2 that K can both increase and decrease as ρb increased 
depending on ψ. Hydraulic gradients could be more complicated because of the changes in 
water retention curves. These phenomena were important factors in determining LE. Given 
that increased ρb provided positive effects on some components and negative effects on others, 
the net effect on energy balance components could change depending on models, soil types, 
and weather conditions. 
In this numerical study, the variations in each energy balance component were not 
small, and they should not be treated as negligible. The interpretation of the impacts of ρb 
variations on energy balance components is complicated, and further investigation should be 
performed as new models are developed. 
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3.2.3 Impact of time variable bulk density on soil heat and water dynamics 
Simulated θ at the 1.25 cm depth with step changes in ρb is shown in Fig. 12. The 
values for θ simulated with constant ρb, and precipitation rates are presented in the same 
figure. Precipitation occurred on July 11, 12, 13, 24, 25, 27, 28, and 29. We assumed that the 
precipitation events on July 12, 25, and 28 were large enough (>3 mm d−1) to induce ρb 
increasesw, so ρb was increased 0.1 Mg m−3 at 12 am on July 13, 26, and 29 in the simulation. 
Although the precipitation event on July 11 was larger than 3 mm d−1, we treated the 
precipitation on July 11 and 12 a continuous precipitation event. 
The step change (hereafter “transient”) ρb simulation overlapped with the simulation 
with ρb = 1.2 Mg m−3 until July 13, and gradually shifted to match the simulation with ρb = 
1.3 Mg m−3 after ρb increased. The transient and ρb = 1.3 Mg m−3 simulations mostly 
overlapped except for the peaks corresponded with the daily times of maximum and 
minimum temperature after July 15. It took nine days for the transient simulation to agree 
with the simulation at ρb = 1.3 Mg m−3 completely (thereafter differences were smaller than 
0.001 m3 m−3) following the change in ρb. When ρb again increased on July 26, this time from 
1.3 to 1.4 Mg m−3, the transient simulation began to shift toward the ρb = 1.4 Mg m−3 
simulation. However, because there were only three days until ρb increased again (July 29), 
the transient simulation never matched the ρb = 1.4 Mg m−3 simulation. With time, the 
transient simulation approached the ρb = 1.5 Mg m−3 simulation, and their differences became 
This article is protected by copyright. All rights reserved. 
smaller than 0.001 m3 m−3 after August 5 (five days after ρb increased). For each step change 
in ρb there was a multi-day period over which the simulated θ transitioned from matching θ at 
the original ρb simulation to matching θ from the higher ρb simulation, and the effect of 
changing ρb mostly disappeared after that. Similar trends were found in soil temperature, 
matric potential, and surface energy balance (not shown). These results generally supported 
that our analyses based on constant ρb, but over longer time periods (previous sections), 
provided a reasonable indication of the magnitude of effects associated with changes in ρb. 
4. Conclusions
Six soil thermal and hydraulic properties were evaluated for three soil textures over a 
realistic range of transient field soil ρb values, using a combination of six models/modeling 
approaches available from the literature. The properties that appeared most sensitive to ρb 
included: i) λ – a change of 10% in ρb led to an 10-11% change in λ, ii) water retention – a 
10% change in ρb led to a 6-11% change in θr and θs, with changes occurring in opposite 
directions (i.e., larger θr and smaller θs), iii) Ks  – values for Ks typically changed by an order 
of magnitude over the range of ρb, and iv) vapor diffusivity – a change of <10% in ρb led to 
an 80% change in vapor diffusivity. 
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Three seasons with differing surface boundary conditions (rainfall, solar radiation) 
were simulated with a numerical model for a range of ρb conditions. The main findings were 
that as ρb increased i) surface layer temperature variation decreased – differences in variation 
at 1.25 cm depth were at most 2.1 C, ii) subsurface layer temperature variation increased – 
even at the 30 cm depth, the effect was as much as 1C, iii) surface  increased by about 0.03 
m3 m-3 during typical drying events, iv) ψ decreased dynamically by more than 100 m of 
water, v) Rns and Rnl changed by as much as 1% on an annual basis, vi) LE (equivalently 
evaporation rate) decreased by as much as 6% on an annual basis, while H increased by as 
much as 9% on an annual basis, and vii) magnitude of the daily fraction of G varied by as 
much as 18%. 
These results indicated that ρb variation had critical effects on soil properties and 
associated heat and water transfer and surface energy balance. An assumption of static ρb 
could result in large errors in heat and mass transfer simulations, particularly in long-term 
simulations such as climate change or watershed models. In this study, the impact of ρb 
variation was tested via currently available models, but these models have some associated 
limitations. In addition, the relationships between bulk density and soil properties may differ 
from these models when taking into account soil structure and plant interactions. Thus, more 
data associated with ρb changes are required. Observed in situ variations in ρb are needed, and 
it is expected that newly obtained measured variations in ρb can be used to help researchers 
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make improvements in new heat and mass transfer simulations by taking the ρb variations 
into account. 
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Table 1. Soil particle size distribution, soil organic matter content (SOM), and minimum and 
maximum values for soil bulk density (ρb) observed in fields of three selected soils. Clay 
loam data are from Logsdon (2012) and silt loam and sandy loam data are from Liu et al. 
(2014). 
Particle size distribution Observed ρb 
Texture Sand Silt Clay SOM Min Max 
- % - Mg Mg-1 Mg m-3 
Clay loam 21 47 32 0.07 1.13 1.43 
Silt loam 17 62 21 0.01 0.98 1.37 
Sandy loam 53 38 9 0.01 1.06 1.48 
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Table 2. Steps in the Assouline (2006a) approach for evaluating the influence of bulk density 
on the Brooks and Corey (1964) soil water retention model. 
Phase Step Descriptions 
1 
Build a reference water retention curve (WRC) at a reference bulk density (ρb; 1.3 Mg 
m-3). 
i ROSETTA estimates of van Genuchten model parameters, θs, θr, α, and n at ρb 1.3 Mg m-3. 
ii Draw the reference WRC with the van Genuchten model (Eq. [8]). 
2 Determine parameters for Brooks and Corey model for the reference WRC 
i Fitting Eq. [9] to the reference WRC to determine empirical parameters β and μ. 
ii Calculate η in Brooks and Corey model (Eq. [7]) with Eq. [10] by using the β and μ. 
iii Fitting Brooks and Corey model to the reference WRC to determine ψa. 
3 Calculate parameters for Brooks and Corey model when bulk density changed 
i Calculate ψa in Brooks and Corey model when bulk density is changed with Eq. [12]. 
ii Calculate η in Brooks and Corey model when bulk density changed with Eqs. [10, 11, 13-15] 
iii Calculate θs and θr when bulk density changed with Eqs. [16, 17] 
This article is protected by copyright. All rights reserved. 
Table 3. Empirical parameters for the Brooks-Corey (1964) model: residual water content (θr), 
saturated water content (θs), air entry potential (ψa), pore-size distribution index (η), and 
saturated hydraulic conductivity (Ks) estimated with the Assouline (2006a) approach as a 
function of soil bulk density. 
Parameter 
Bulk densities 
1.0 Mg m-3 
1.1 Mg 
m-3 
1.2 Mg 
m-3 
1.3 Mg 
m-3 
1.4 Mg 
m-3 
1.5 Mg 
m-3 
Clay loam 
θr 0.069 0.076 0.083 0.090 0.097 0.104 
θs 0.570 0.536 0.501 0.467 0.432 0.397 
ψa (m) 0.31 0.44 0.62 0.84 1.11 1.45 
η 0.42 0.46 0.49 0.52 0.55 0.58 
Ks (m d
-1) 1.92 0.84 0.37 0.17 0.08 0.03 
Silt loam 
θr 0.057 0.063 0.069 0.074 0.080 0.086 
θs 0.541 0.508 0.475 0.443 0.410 0.377 
ψa (m) 0.52 0.74 1.04 1.41 1.87 2.43 
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η 0.46 0.52 0.57 0.63 0.68 0.73 
Ks (m d
-1) 2.54 1.18 0.55 0.26 0.13 0.06 
Sandy loam 
θr 0.034 0.038 0.041 0.045 0.048 0.052 
θs 0.486 0.456 0.427 0.397 0.368 0.339 
ψa (m) 0.22 0.32 0.45 0.61 0.81 1.06 
η 0.33 0.39 0.45 0.50 0.56 0.61 
Ks (m d
-1) 4.30 2.20 1.12 0.57 0.29 0.15 
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Table 4. Cumulative values of energy balance terms: net shortwave radiation (Rns), net 
longwave radiation (Rnl), net radiation (Rn), latent heat flux (LE), sensible heat flux (H), and 
ground heat flux (G) over the simulation period for a range of soil bulk density values (ρb). 
Year ρb Rns Rnl Rn LE H G 
Mg m-3 MJ MJ MJ MJ MJ MJ 
2012 1.2 2,913 -1,597 1,316 806 535 26 
1.3 2,917 -1,607 1,310 790 542 22 
1.4 2,922 -1,618 1,304 775 547 18 
1.5 2,939 -1,633 1,306 760 565 20 
2013 1.2 2,709 -1,301 1,409 1061 362 14 
1.3 2,716 -1,310 1,407 1051 369 13 
1.4 2,723 -1,320 1,404 1039 377 12 
1.5 2,737 -1,332 1,405 1025 393 12 
2014 1.2 2,686 -1,135 1,551 1292 266 7 
1.3 2,697 -1,147 1,550 1284 272 7 
1.4 2,706 -1,159 1,548 1275 281 9 
1.5 2,717 -1,171 1,546 1264 290 8 
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Table 5. Average values of daily maximum and minimum ground heat flux (G) over the 
simulation period for a range of soil bulk density values (ρb). 
Year ρb G 
max min 
Mg m-3 MJ d-1 MJ d-1 
2012 1.2 9.0 -11.3 
1.3 9.3 -12.1 
1.4 9.6 -12.9 
1.5 10.0 -13.7 
2013 1.2 8.0 -10.0 
1.3 8.3 -10.7 
1.4 8.7 -11.5 
1.5 9.0 -12.3 
2014 1.2 7.6 -9.5 
1.3 7.9 -10.1 
1.4 8.2 -10.7 
1.5 8.6 -11.4 
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Fig. 1. Soil profile used in the HYDRUS-1D simulations. Bulk density (ρb) of the surface soil 
layer varies while that of the deeper soil layer is constant at 1.4 Mg m-3. 
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Fig. 2. Volumetric heat capacity (C) as a function of bulk density (ρb) and volumetric water 
content (θ) with the de Vries (1963) model. 
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Fig. 3. Thermal conductivity (λ) as a function of bulk density (ρb) and volumetric water 
content (θ) with the Campbell (1985) model. 
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Fig. 4. Thermal diffusivity (κ) as a function of bulk density (ρb) and volumetric water content 
(θ) based on thermal conductivity determined with the Campbell (1985) model and heat 
capacity determined with the de Vries (1963) model. 
This article is protected by copyright. All rights reserved. 
Fig. 5. Water retention surfaces, i.e., volumetric water content (θ) as a function of bulk density 
(θ) and matric potential (ψ) based on the Brooks and Corey (1964) model using parameters 
estimated with the Assouline (2006a) approach. 
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Fig. 6. Hydraulic conductivity (K) as a function of bulk density (ρb) and matric potential (ψ) 
based on the Brooks and Corey (1964) model using parameters estimated with the Assouline 
(2006b) approach. 
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Fig. 7. Vapor diffusivity (D) in clay loam as a function of bulk density (ρb) and volumetric 
water content (θ). This vapor diffusivity relationship is the same for the other soil textures. 
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Fig. 8. Simulated daily soil temperature at (a) 1.25 cm and (b) 30 cm soil depths on July 28, 
2014. The legend indicates bulk density (b) in Mg m-3. 
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Fig. 9. Simulated seasonal soil temperature at a depth of 30 cm. Left: summer (July 10-15) 
2014; right: fall (October 8-13) 2014. The legend indicates bulk density (b) in Mg m-3. 
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Fig. 10. Simulated soil volumetric water content (θ) at a depth of 1.25 cm from July 11 to 
August 5, 2014. The legend indicates bulk density (b) in Mg m-3. 
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Fig. 11. Simulated soil water matric potential at a depth of 1.25 cm from July 11 to August 5, 
2014. The legend indicates bulk density (b) in Mg m-3. 
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Fig. 12. Simulated soil volumetric water content (θ) at a depth of 1.25 cm with transient (step 
change) bulk density (b) following precipitation (black bar). Simulations are also shown 
with constant b; the legend indicates b in Mg m-3. 
